The structure of praseodymium aluminum germanide Pr 4 Al 3 Ge 3 has been determined by single-crystal X-ray diffraction. The refined composition is Pr 4 Al 3.117(3) Ge 2.883(3) , M r = 857.01(8), oS20, (63) Cmcm-c 5 , a = 4.161(1), b = 26.261(8), c = 4.373(1) Å, Z = 2, D x = 5.96 Mg m -3 , R = 0.012, wR = 0.015 for 304 independent reflections with F > 3σ(F). Four sites in Wyckoff position 4c are occupied by Pr(1), Pr(2), Al, and Ge, respectively, and a fifth position 4c by a statistical mixture of Al and Ge with a ratio close to 1:1. The compound is characterized by a homogeneity range extending from 26.6 to 30.6 at.% Ge at a constant Pr content of 40 at.%. Isotypic compounds have been found for R 4 Al 3 Ge 3 , where R = Ce, Nd, or Sm. This new structure type can be considered as an intergrowth of slabs cut from three simple structure types: AlB 2 , its ternary substitution variant LiBaSi, and W, following the sequence -LiBaSi-AlB 2 -LiBaSi-W-, with eight slabs in the translation unit. The axes of the trigonal prisms in the AlB 2 -type slab are rotated by 90° with respect to those in the neighboring LiBaSi-type slabs, as in the α α α α-ThSi 2 type and the intergrowth structure TbGe 2 . The structure of Pr 4 Al 3 Ge 3 is also related to the structures of binary borides V 2 B 3 , Ta 3 B 4 , V 5 B 6 , and CrB, and the ternary aluminum germanide Ba 3 Al 2 Ge 2 , which altogether form a structural series with different ratios of intergrown AlB 2 -(LiBaSi-) and W-type slabs. Alumogermanide / Rare-earth metal / Single-crystal X-ray diffraction / Crystal structure / Structural series
Introduction
Five ternary compounds are known in the Pr-Al-Ge system: PrAl 2 Ge 2 (CaAl 2 Si 2 -type structure, Pearson symbol hP5, space group Pm1) [1] , Pr 2 Al 3 Ge 4 (Ba 2 Cd 3 Bi 4 , oS36, Cmce) [2] , Pr 2 AlGe 6 (La 2 AlGe 6 , mS36, C2/m) [3] , PrAl 1.5 Ge 0.5 (AlB 2 , hP3, P6/mmm) [4] , and PrAlGe (LaPtSi, tI12, I4 1 md) [4, 5] . The latter two alumogermanides are characterized by significant homogeneity ranges (PrAl 1.55-1.48 Ge 0.45-0.52 and PrAl 1.42-0.98 Ge 0.58-1.02 ). In other R-Al-Ge systems, where R = La, Ce, Nd, Sm, Eu, and Gd, compounds isotypic to those mentioned above are formed [6] [7] [8] .
To date, the Pr-rich part of the Pr-Al-Ge system has not been investigated and the aim of the present work is to study the formation of phases in the system in the range 33. .0 at.% Pr, determine their crystal structures and search for isotypic compounds in related systems.
Experimental
Alloys containing 35.0, 37.5, 40.0, 42.5, and 45.0 at.% Pr and equiatomic amounts of Al and Ge were prepared by arc melting under an argon atmosphere. The following starting elements were used: Pr 99.9%, Al and Ge 99.99%, and the weight losses were less than 2%. The samples were annealed in evacuated quartz tubes at 1073 K for 500 h and quenched into cold water. Preliminary phase analysis was carried out using diffraction patterns recorded with a Debye-Scherrer camera (diameter 53.7 mm) using Cr K radiation. The formation of a new compound of approximate composition Pr 4 Al 3 Ge 3 was observed, and its crystal structure was determined from singlecrystal X-ray diffraction. A single crystal was selected from an alloy, which after additional annealing at 1073 K for 1000 h had been crushed into metallic gray platelets. Diffraction data were collected on an Enraf-Nonius CAD-4 automatic diffractometer. The programs used to solve and refine the structure were all from the MolEN system [9] . Crystal data, experimental and refinement details are given in Table 1 .
To determine the homogeneity range of the phase Pr 4 Al 3 Ge 3 , samples containing 40 at.% Pr and 25-35 at.% Ge were prepared. To check for the possible formation of isotypic compounds in systems with other rare-earth metals, R 4 Al 3 Ge 3 alloys with R = La, Ce, Nd, Sm, Eu, and Gd were synthesized. The conditions for sample preparation were the same as described above. The purities of the rare-earth metals were 99.9% for La and Ce, 99.87% for Nd, Sm, Eu, and Gd. Cell parameters were refined by the program LATCON [10] from diffraction patterns recorded using a diffractometer DRON-2.0 (Fe Kα radiation, Si standard). Theoretical patterns were computed with the program LAZY PULVERIX [11] . 
Results
Fractional atomic coordinates, displacement parameters and relevant interatomic distances for Pr 4 Al 3 Ge 3 (oS20, Cmcm) are presented in Tables 2  and 3 . The atomic positional parameters were standardized with the program STRUCTURE TIDY [12] . The atoms are distributed over five sites 4c, two of which are occupied by Pr, two others by Al and Ge, respectively, and the remaining one by a statistical mixture of Al and Ge (M = Al 0.558(4) Ge 0.442 (4) ). Consequently, the cell contains eight Pr atoms and approximately six Al and six Ge atoms, the refined composition being Pr 4 Al 3.117(3) Ge 2.883(3) (Z = 2). The Pr-Al, Pr-Ge, and Pr-M interatomic distances are similar to the sums of the metallic radii of the corresponding atoms [13] . The shortest distances between Pr atoms exceed the sum of the metallic radii by 4.6-11.1%, whereas those between Al and M or Ge are shorter by 11.5-12.6%. The shortening observed for the latter indicates a tendency towards covalent type of bonding. 
Site
Wyckoff The phase analysis of the R 4 Al 3 Ge 3 samples prepared from R = La, Ce, Nd, Sm, Eu, and Gd showed that isotypic compounds form with Ce, Nd, and Sm. The unit-cell parameters decrease linearly with decreasing ionic radii R 3+ of the rare-earth element ( Table 4 ). The alloys containing La, Eu, and Gd were multiphase samples and their diffraction patterns did not reveal any phase with Pr 4 Al 3 Ge 3 -type structure.
Discussion
The structure of Pr 4 Al 3 Ge 3 belongs to class 10, trigonal prismatic, according to the classification proposed by Kripyakevich [14] , which is based on the coordination polyhedra around the smallest atoms. In an ideal case, when the R-R and R-X distances are equal to the sum of the corresponding atomic radii, structures with trigonal prismatic coordination XR 6 form for k = r X /r R = 0.528. For larger values of k, [13] , however, the distances between R atoms observed in the structure are longer, and those between X atoms shorter, than the sum of the tabulated metallic radii, so that an effective value of k = 0.60 may be considered, which is closer to the ideal value for trigonal prismatic structures. Class 10 in the classification by Kripyakevich has the largest number of representatives among intermetallic compounds and is subdivided into several groups. In the first group the whole space is filled exclusively by trigonal prisms. The trigonal prisms can be differently filled and/or arranged, and consequently deformed, for different representatives of this group. When the axes of the trigonal prisms are all parallel, the hexagonal structure type AlB 2 [15] is realized. In this type the X (B) atoms, which are situated at the centers of the trigonal prisms, form graphite-like isolated 6 3 nets. In the hexagonal structure of LiBaSi [16] , the X (Li and Si) atoms adopt an ordered arrangement in the nets. In these structures the trigonal prisms share rectangular faces to form infinite slabs, which are interconnected via common bases. In Fig. 4 one-prism-thick slabs are cut from AlB 2 and LiBaSi in a different way: perpendicular to the [210] direction. When neighboring slabs of prisms are rotated by 90° with respect to each other (the prism axes become perpendicular), the X atoms form a three-dimensional framework, characteristic of the structures of tetragonal α-ThSi 2 [17] and LaPtSi [18] . In the latter structure the atoms centering the trigonal prisms are ordered. Blocks formed by two consecutive one-prism-thick slabs can be considered, neighboring blocks being shifted by ½ ½ z with respect to each other. The translation unit in the stacking direction contains four slabs (or two blocks). It is interesting to note that two other compounds identified in the Pr-Al-Ge system, PrAl 1.5 Ge 0.5 and PrAlGe, crystallize with AlB 2 -and LaPtSi-type structures, respectively.
Structures in which the space is filled by trigonal prisms and segments characteristic of other simple structure types belong to the second group of types with trigonal prismatic coordination. Transition metal borides such as orthorhombic CrB [19] , V 5 B 6 [20, 21] , Ta 3 B 4 [22] , and V 2 B 3 [20, 23] , are representatives of this group. Their structures can be considered as built up from slabs of trigonal prisms with parallel prism axes, separated by slabs with empty tetrahedra and square pyramids (Fig. 5) . These thin slabs correspond to half the translation unit of the cubic W type (see Fig. 4 ), in which the high-temperature modification of praseodymium, β-Pr, crystallizes. Other types of borides in which trigonal-prism slabs are separated by two or more such W-type slabs are also known (see [12] ). In the CrB type (antitype to α-TlI [24] ), individual AlB 2 -type slabs are separated by W-type slabs, whereas in Ta 3 B 4 and V 2 B 3 , double and triple AlB 2 -type slabs, respectively, are separated by W-type slabs. The structure of V 5 B 6 contains single and double trigonal prism slabs and can, therefore, also be considered as an intergrowth of CrB-and Ta 3 B 4 -type slabs. Among these structure types adopted by binary borides, only Ta 3 B 4 has a known ternary substitution variant, Ba 3 Al 2 Ge 2 [25] , among aluminum gemanides. The double slabs of trigonal prisms in orthorhombic Ba 3 Al 2 Ge 2 can be considered as cut from LiBaSi, the ternary substitution variant of AlB 2 (see Fig. 1 ).
In the structure of Pr 4 Al 3 Ge 3 , as in the structure of V 2 B 3 , blocks of three consecutive slabs of trigonal prisms are separated by W-type slabs. However, differing from V 2 B 3 , consecutive slabs in the blocks are rotated by 90° with respect to each other, as in the α-ThSi 2 -and LaPtSi types. These blocks contain ordered and disordered slabs, the disordered ones being located between two ordered slabs. In AlB 2 and α-ThSi 2 each X atom is connected to three other X atoms, however, in V 2 B 3 and Pr 4 Al 3 Ge 3 only 2/3 of the X atoms have three B, Al, or Ge atoms capping the trigonal prisms. The remaining X atoms have a V or Pr atom capping one of the prism faces. In Pr 4 Al 3 Ge 3 , the distribution of Al and Ge is ordered in the outer layers so that each Ge atom is connected to two Al atoms, the third atom of the triangle being a Pr atom, whereas each Al atom is surrounded by two Ge atoms and one atom from the mixed site M in the central slab of trigonal prisms. It may be noted that once the atoms are ordered like this in the outer layers, there is no possibility to order the Al and Ge atoms in the central slab so that each Al has three Ge and each Ge has three Al neighbors. The same arrangement of Al and Ge atoms as in the outer slabs of trigonal prisms is observed in all the slabs in Ba 3 Al 2 Ge 2 . No Ge-Ge contacts occur in this structure, whereas Al-Al contacts occur in both structures. If we assume that Ge-Ge contacts are also not favored in Pr 4 Al 3 Ge 3 , then the homogeneity range of the phase can be formulated as Pr 4 Al 3+x Ge 3-x . The substructures formed by the small atoms in the closely related structures of Pr 4 Al 3 Ge 3 and Ba 3 Al 2 Ge 2 are shown in Fig. 6 . Similar blocks consisting of three consecutive slabs of trigonal prisms with their prism axes rotated by 90° are observed in the binary structure type TbGe 2 [26] . The α-ThSi 2 -type blocks are, however, separated by CaF 2 -type segments in this structure. A closely related structure was reported for PrGe 1.91 [27] , where partial disorder was observed in the central prism slab and the CaF 2 -type segments.
The structures of the borides and alumogermanides shown in Figs. 1, 4 and 5 form a linear heterogeneous (4) ).
Table 5
Members of the structural series R (m+m')+n X 2(m+m') with different ratios of linearly intergrown AlB 2 -(m), LiBaSi-(m'), and W-(n) type slabs. 
Number of slabs in the translation unit

Conclusions
The structure of the R 4 Al 3 Ge 3 compounds where R = Ce, Pr, Nd, or Sm, belongs to a new structure type of intermetallic compounds, which was determined on the compound with praseodymium. The Pr 4 Al 3 Ge 3 type is a member of the linear structural series where AlB 2 -and/or LiBaSi-type slabs are intergrown with W-type slabs. Other representatives of this series are the ternary alumogermanide Ba 3 Al 2 Ge 2 and some binary borides.
